Abstract-Generation and transmission of millimeter-wave data-modulated optical signals is presented using an optical injection phase-lock loop (OIPLL). Millimeter-wave signal generation is demonstrated with wide locking range, 30-GHz low phase noise level, 93 dBc/Hz, and a wide frequency tuning range, 4-60 GHz generation demonstrated using optical injection locking only, verified by using OIPLL in the 26-40 GHz range. The OIPLL is also used to transmit error-free 140-Mb/s amplitude shift keying and 68-Mb/s differential phase-shift keying (DPSK) modulated millimeter-wave signals over up to 65 km of uncompensated standard singlemode fiber. The DPSK system uses reference frequency modulation, eliminating the need for optical amplification.
I. INTRODUCTION
R ADIO-OVER-FIBER is an attractive technology for millimeter-wave wireless applications, because it reduces the complexity of the necessary numerous antenna base stations. Several methods exist to generate millimeter-wave modulated optical signals for such a system. Semiconductor laser diodes can generally not be efficiently modulated at millimeter-wave frequencies. Modulation bandwidths exceeding 40 GHz have been reported for unpackaged 1100-nm lasers [1] and 25 GHz for a packaged 1550-nm distributed feedback (DFB) laser [2] , but only for high bias currents and for small signal modulation. Travelling wave Mach-Zehnder external optical modulators have been used to generate 100-GHz modulation, both using a Ti:LiNbO modulator [3] and a polymer modulator [4] . However, to overcome the chromatic dispersion penalty for transmission of millimeter-wave modulated optical signals in standard fiber, single sideband modulation format is often preferred. Single sideband modulation using Mach-Zehnder external optical modulators can be generated either in a suppressed carrier configuration [5] or in a suppressed sideband configuration [6] . Dual mode mode-locked lasers have also been used to produce single sideband modulated optical signals [7] , [8] . Optical heterodyning is an attractive method of generating millimeter-wave modulated optical carriers. The efficiency of the optical to millimeter-wave transduction is high, ideally 100%, the range of frequencies that can be generated is very large, limited by the bandwidth of the photodetector and single sideband modulated optical signals are automatically generated. The limitation of this method is that the purity of the generated millimeter-wave signal is determined by the linewidth of the lasers used. Therefore, narrow linewidth lasers need to be used to produce beats of acceptable purity, such as solid state lasers [9] or external cavity fiber grating lasers [10] . For high spectral purity and absolute frequency stability, the phase fluctuations of the two lasers need to be correlated. The most commonly used technique is optical injection locking (OIL) where one or two lasers are injection locked to an optical comb, such as generated by frequency modulation (FM) sidebands of a master laser [11] , [12] , or other techniques [13] . A problem with optical injection locking methods is the limited locking range. The locking range is typically a few gigahertz, and assuming standard DFB lasers are being used with a temperature stability of typically 10 GHz/K, a temperature shift of a fraction of a degree is sufficient to cause the system to fall out of lock. The heterodyne optical phase lock loop (OPLL) is an alternative method of correlating the phase between two lasers. It has the potential for higher locking range, using an active loop filter. However, due to the loop propagation delay, either narrow linewidth lasers, on the order of kilohertz [14] , [15] or very low loop delay time, in the picosecond region [16] , [17] have to be used for successful phase locking. For frequency tuning by injection current, the available bandwidth of an OPLL is also limited by the inversion in sign of the FM response, usually observed for semiconductor lasers at typically a few megahertz. Special lasers, frequency tuned by the quantum confined Stark effect (QCSE) [18] can be used to overcome this limit [19] . One heterodyning method offering the possibility to use standard wide linewidth lasers with the long term stability offered by the OPLL, without the requirement for very short loop delay time, is the optical injection phase-lock loop (OIPLL) [20] , [21] . In addition to a phase-lock loop configuration, an injection locking path is added to lock the slave laser to a master laser modulation sideband. An heterodyne OIPLL at microwave frequencies using free-space components has previously been demonstrated [22] .
Optical heterodyne sources have been used in radio-overfiber transmission demonstrations. Unamplified transmission of 63-GHz 140-Mb/s continuous phase frequency-shift keying (CPFSK) signals has been demonstrated using free-running DFB laser heterodyne [23] . Optical injection locking has been used in unamplified 12.8-km transmission of 64-GHz 155-Mb/s offset quaternary phase-shift keying (OQPSK) modulated signals, applying modulation on an intermediate frequency (IF) subcarrier to the current injection of one slave laser [24] . Optical injection locking has also been used to deliver a carrier optically for a remote upconversion radio-over-fiber architecture in a 60-GHz 120-Mb/s quaternary phase-shift keying (QPSK) system, transmitted through 100-km amplified fiber [25] . No millimeter-wave over fiber demonstration has been made using an optical phase-lock loop source. However, the output of one laser in a 9-GHz OPLL configuration have been externally phase modulated with a QPSK signal at rates up to 10 Gb/s. The same OPLL configuration has also been used to transmit a 100-Mb/s BPSK signal over 25-km unamplified fiber by external phase modulation of one line with a 2-GHz IF subcarrier [26] . Common to most of these demonstrations is that radio-over-fiber transmission was possible without the use of optical amplification. This is an advantage over using alternative millimeter-wave modulated optical sources, where error-free unamplified transmission has rarely been demonstrated even for moderate transmission distances, a few kilometers of standard single-mode fiber.
In this paper, generation and transmission of millimeter-wave modulated optical signals using optical injection phase-lock loop techniques is described. The paper is organized as follows. In Section II, the signal generation technique used, a fiber-integrated millimeter-wave OIPLL is described. Results for locking range, noise performance, and frequency tuning range are presented. Section III describes transmission experiments performed using the OIPLL as an optical source. The impact of fiber chromatic dispersion is investigated and transmission of ASK and PSK modulated millimeter-wave signals is described. Finally, a conclusion from the work is given in Section IV. Fig. 1 shows a schematic of the OIPLL experimental arrangement. The OIPLL is built in a fiber-based system using pig-tailed optical components, eliminating the requirement for optical alignment. It is based on two 1540-nm InGaAs-InGaAsP 16 quantum-well DFB lasers [27] . The output power of the reference signal synthesiser is equally divided in two. One part modulates the master laser, typically with between 5-10-dBm modulation power at 12-GHz frequency. The output of the master laser is split in two paths, 80% later combines with the output of the slave laser in a 50/50 coupler, to provide the optical output of the OIPLL, and 20% is injected into the front facet of the slave laser. An optical circulator separates the injected master laser field from the emitted field from the slave laser. Two optical polarizers are used. The first matches the polarization of the master and slave laser fields, when combined at the output of the OIPLL. The second controls the polarization of the master laser field injected into the slave laser. This provides a convenient way of regulating the injection locking ratio, defined as the ratio of the power of the injected field parallel with the slave laser field to the slave laser power. A second method of regulating the injection locking ratio is to change the master laser modulation depth. The slave laser is tuned to lock to one of the third harmonic FM sidebands of the injected field. 80% of the output power of the slave laser power is combined with the main part of the master laser signal to form the optical output. A p-i-n photodetector detects the remaining 20% of the slave laser power. The detected 36-GHz beat originates primarily from the slave laser field and the master laser fundamental line, reflected from the slave laser. The phase of the 36-GHz signal is then detected in a double balanced mixer that is pumped in third harmonic mode by the 12-GHz reference signal. An active filter provides the feedback signal to the slave laser. When the OIPLL output is detected by a photodiode, a 36-GHz millimeter-wave signal will be produced by the beat between the master and slave laser signal. Because the relative phase between the two lasers is correlated, the linewidth of the generated signal is not limited by the linewidth of the lasers, as would be the case when free-running lasers are used. Fig. 2 shows the heterodyne 36-GHz beat on a 1-GHz span, while Fig. 3 shows a close-up with 100-kHz span.
II. SIGNAL GENERATION

A. Experimental Arrangement
B. Spectral Characteristics
The phase noise performance of the OIPLL is given by [21] (1) Fig. 3 . Generated 36-GHz beat signal at 100-kHz span and 1-kHz resolution bandwidth. where is the full-width at half-maximum (FWHM) linewidth of the master-slave laser heterodyne beat signal, is the received noise floor in the phase-lock loop optical receiver, and is the frequency. is given by (2) where is the complex angular frequency, , is the equivalent gain of the injection locking in the first-order phase-lock loop equivalent model, is the dc loop gain of the phase-lock loop (PLL) part of the OIPLL, is the PLL loop filter response, is the FM response of the slave laser, and is the PLL delay time. The first component of the numerator in (2) is the injection locking gain. The injection locking gain can be described in the terms of a first-order phase-lock loop, where can be identified as [28] ( 3) where is the injection ratio and is the injection phase. can now be estimated by the cavity round-trip time, the phase-amplitude coupling factor , and the injection ratio as a function of the injection phase.
takes the maximum value when the injection phase is equal to . The second component of the numerator in (2) represent the impact of the phase-lock loop. It is given by the dc loop gain , the loop filter transfer function , the FM response of the slave laser , and a component representing the loop delay time. The loop delay time limits the available bandwidth of the phase-lock loop. Here, the loop time delay was about 20 ns, limiting the available loop bandwidth to a few megahertz. A second limiting factor is the FM response of the slave laser, shown in Fig. 4 . The FM response was measured by FM to IM conversion in a long Fig. 5 . Single sideband phase noise spectra for generated 36-GHz carrier and due to multiplied microwave reference.
cavity (1-GHz free-space range), low finesse Fabry-Pérot interferometer, having an approximate sinusoidal frequency transfer function. An inversion of the sign of FM response of the DFB laser is seen at a few kilohertz modulation frequency between the red-shift of the low frequency thermal effects and the blueshift of the carrier effect, dominant at higher frequencies. As a result, the loop filter must be designed to give a phase-lock loop bandwidth low enough to suppress the instabilities caused by the phase inversion of the slave laser FM response. Therefore, the loop filter used is a second-order type II filter with time constants ns and ns. The phase-lock loop clearly only contributes to the phase noise suppression at very low frequencies.
The noise performance of the OIPLL was obtained experimentally from the power spectrum of the generated millimeter-wave signal detected by a spectrum analyzer. The resulting single sideband noise level is shown in Fig. 5 . At frequencies lower than 1 MHz, the noise performance is limited by the reference. Above 1 MHz, the noise level is determined by the noise suppression of the injection locking, because of the limited bandwidth of the phase-lock loop. At these frequencies, the noise can be assumed to be residual phase noise of the lasers, falling outside the locking range of the injection locking. The summed linewidth of master and slave laser is 240 MHz. Using (1) and (2), the effective injection locking gain can be estimated. The phase noise level is 107 dBc/Hz at 10-MHz offset from 36 GHz, determined by the noise suppression of the injection locking. This corresponds to an injection locking gain of 1.4 GHz.
C. Differential Phase Effects
As two locking processes are involved in the OIPLL, the phase error is measured at two separate points, in the PLL mixer and in the injection-locked slave laser, as seen in the simplified schematic of the OIPLL (see Fig. 6 ). The injection phase is given by (4) represents the time delays, as indicated in If the dc gain of the PLL is greater than the injection locking gain , the phase-lock loop will try to tune the injection-locking phase to be equal to , corrected for the time delay between the slave laser and the phase detector in the PLL . This is achieved when (6) In the expression, there are two sets of paths that needs to be matched, one with regard to the reference frequency, and one with regard to the optical frequency of the master laser. Because of the different frequencies, the path length sensitivity is very different for the two cases. In the first case, one period corresponds to the reference wavelength on a millimeter scale, while the other corresponds to the optical wavelength, more than three orders lower, on a micrometer scale. The temperature-dependent relative time delay of optical fiber is typically 7.3 10 K [29] . In a fiber-based system, small changes in the environment will, therefore, cause the PLL to tune the injection-locking phase to a value impossible to achieve stable injection locking at and so cause the OIPLL to fall out of lock. If using fiber optics, either very short lengths of fiber have to be used, or the fiber must be placed in a carefully controlled environment. However, there is a special case when none of this is necessary. This is when the master laser field reflected from the slave laser is used for mixing on the photodetector and , as in the figure showing the experimental arrangement (see Fig. 1 ). The injection phase is now only affected by differential paths on a millimeter scale, large enough not to be affected by any environmental factors. By adjusting the length of , the injection phase can now be selected to the value for optimum phase noise suppression . Furthermore, since the reference signal has a very long coherence length, an integer number of reference wavelengths could be added to the injection phase, without any degradation of the OIPLL performance, removing the requirement for absolute path matching.
The reflected master laser field will still cause interference when it is recombined with the main master laser signal, as seen in Fig. 1 . One effect is fluctuations in the power of the master laser signal at the output of the OIPLL, depending on the phase relation between the main and reflected master laser field. By using an equivalent transmission line model for DFB lasers [30] , the reflection of the injected field on the slave laser can be derived by solving the rate equations for the injection-locked slave laser (7) numerically. Fig. 7 shows the output of the slave laser when the injected field is the master laser field with a modula- Fig. 7 . Detected master laser optical spectra at 12-GHz modulation frequency 0.28 modulation index together with modeled output spectra using the same parameters.
tion index of 0.28 and the fiber-coupled injected power is 20% of the fiber-coupled slave laser power. Also shown in the figure is the measured output spectrum from the slave laser in 0.07-nm resolution bandwidth for the same parameters. If the power of the master laser is the same as the slave laser at the coupler at the output of the OIPLL, the reflected master laser power is about 10 dB lower than from the main master laser path. Assuming coherent addition or subtraction of the master laser field, the fluctuations of the output power from the OIPLL can be expected to be up to 2.7 dB. This corresponds to what is observed experimentally. The fluctuations have been stabilized by feed-back path length control, as seen in Fig. 1 . A photodetector detects the optical output power of the OIPLL. An instrumentation amplifier then uses the photocurrent to provide a feedback signal to a pietzo-electric fiber stretcher, controlling the path length, and therefore, the phase of the main master laser signal path. In this manner, the output power of the OIPLL is kept constant. An alternative method of improving the stability of the output power of the OIPLL would be to add a second injection-locked slave laser, inset in the main path of the master laser signal. The output power of the OIPLL would then mainly consist of the output power of the two locked slave lasers and the intensity fluctuations would be correspondingly reduced.
D. Locking Range
The locking range of the OIPLL is determined from the dc gain of the phase-lock loop , or the locking range of the injection locking, whichever is the largest. The injection locking range can be derived from the rate equations for the field and carrier number of a single-mode injection-locked laser [31] (7a)
where is the electric fields of injected light at the slave laser facet centralized at a reference frequency .
is the gain per unit time, the differential gain, and the carrier population and its free running value, the parameter standing for spectral hole burning and lateral carrier diffusion, and the total photon number in the cavity and its free running value, and the photon and spontaneous carrier life time, the effective frequency offset from the laser free running longitudinal mode angular frequency , is the laser linewidth enhance- ment factor, reflects photon induced refractive index change and is normally considered equal to , laser cavity round-trip time, and the carrier injection rate. By linearizing the rate equations, the locking range can be shown to be limited by [32] (8)
Measurements show an injection locking range of only 3 GHz, as shown in Fig. 8 . With about 8.5-GHz/K temperature dependence of the laser used, it is clear that even very small changes in the temperature of the lasers will be sufficient to cause the injection locked laser to fall out of lock when the phase-lock loop part is not activated.
Using an active second-order phase-lock loop filter in the OIPLL, the dc gain of the phase-lock loop can be made very high. With sufficiently high gain, the locking range will be limited by the slave laser frequency tuning range. In these experiments, the frequency of the slave laser is tuned by the injection current. In order to protect the slave laser from excessive or negative injection current, the feedback current was limited to a 40-mA range, resulting in about a 30-GHz total locking range of the OIPLL, illustrated by Fig. 8 . This corresponds to about 3.5 K temperature tuning of either the master or the slave laser. With this locking range, it should be possible to construct the OIPLL around uncooled lasers, provided they share a common heatsink. Furthermore, if more widely continuously tunable lasers are used, the locking range could be substantially increased.
E. Frequency Tuning Range
By changing the reference frequency, the generated millimeter-wave frequency will be changed. Due to component restrictions in the phase-lock loop part, the OIPLL used a reference at one third of the generated millimeter-wave frequency. Because of this, the upper frequency limit of the OIPLL is determined by the modulation bandwidth of the master laser and is 40 GHz. The lower frequency limit, about 24 GHz, is determined by the frequency spacing between the injected master laser FM sidebands. For lower spacing, the master laser falls within the locking range of lower order, higher power harmonics, and locking to the third harmonic is no longer possible. Using a mixer capable of being pumped by different orders of subharmonics and a broad-band optical receiver in the phase-lock loop, the slave laser could be locked to other than the third-harmonic master laser FM sideband, and the available frequency range would, therefore, increase. In order to investigate the potential frequency range of the OIPLL, the phase-lock loop was disabled and signal generation based on optical injection locking only was used. By changing the reference frequency and selecting the FM sideband used for injection locking, a much wider range of generated frequencies was achieved. Fig. 9 shows the normalized spectra of the generated carriers from 4 to 60 GHz. Signals ranging from 4 to 13 GHz were generated by locking to the first-harmonic FM sideband, 14 to 26 GHz by locking to the second, 27 to 39 GHz to the third, 40 to 47 GHz to the fourth, and 48 to 60 GHz to the fifth. Fig. 10 shows the single sideband phase noise level of the generated signal at 10-MHz offset. At this offset frequency, the phase noise level is determined by the finite injection locking range, and can be seen as a good measure of the quality of the generated signal. The single sideband phase noise level is consistently lower than 98 dBc/Hz and at 39 GHz is as low as 111 dBc/Hz. At lower offset frequencies, the phase noise is determined by the reference spectral purity, for example, at 12 GHz it was 103 dBc/Hz at 10-kHz offset from the reference. The upper limit of generated frequency is here, set only by the bandwidth of the spectrum analyzer used. The good phase noise performance up to 60 GHz indicates that this system will be able to generate RF signals at considerably higher frequencies than 60 GHz.
By inserting a second injection-locked slave laser into the main master laser signal path, the available frequency range would double by locking to the mirror FM sideband. Also, since the heterodyne beat is no longer dependent on the master laser fundamental line, the master laser can be modulated with a higher modulation index, producing a wider range of FM sidebands to lock the slave laser to. By using a similar arrangement to that in [12] , where two DFB lasers were locked to the tenth FM sideband on opposite sides of the centre frequency of a third DFB laser, a 280-GHz modulated optical signal could potentially be generated, using a 14-GHz reference. This provides a description of a system that can be used to optically generate high spectral purity signals over the entire millimeter-wave frequency band (30-300 GHz), using standard components and a 10-15-GHz frequency reference.
III. TRANSMISSION EXPERIMENTS
A. Fiber Dispersion Effects
The output optical field from the OIPLL can be written as (9) is the locked slave laser field, is the th harmonic of the modulated master laser field, is the master laser field reflected on the slave laser, is the optical frequency, is the modulation frequency, and is the path time imbalance between the master laser main and reflected optical path. The path imbalance is small enough not to affect the coherence between the main and reflected master laser field. The slave laser is locked to the third-harmonic FM sideband and master laser FM sidebands of higher order than three are assumed to have low enough power to be disregarded. The modulated master laser field can be calculated knowing the phase-amplitude coupling factor of the laser and the modulation index, using the Bessel functions to derive the amplitude of the FM sidebands. The measured power of the FM sidebands were 33.9, 19.6, 7.6, 2.2, 7.8, 20.2, 20.2, and 34.2 dBm for harmonic order 3 through 3. With a phase-amplitude coupling factor of 6.6, measured by the method described in [33] , this corresponds to a modulation index of 0.28. The output of the slave laser together with the reflected master laser field can now be determined numerically in the same manner as illustrated by Fig. 7 . Once the output field of the OIPLL has been determined, the impact of fiber dispersion on the detected heterodyne signal can be calculated using the fiber transfer function [34] (10) is the fiber dispersion constant, is the optical wavelength, and is the fiber length. For 36-GHz modulation frequency, ps/nm/km and nm, the optical to millimeter-wave conversion efficiency of the 36-GHz heterodyne beat signal will now vary as a periodic function of fiber transmission distance according to Fig. 11 . It is seen that the efficiency varies within a 5.5-dB range. The exact shape of the curve is also determined by the slave laser injection-locking phase and the value of . These variations in detected millimeter-wave power can be reduced by adding a second injection locked slave laser, as described in Section II. By doing this, the unwanted FM sidebands of the master laser that cause these variations will be filtered by the injection-locking process, and the output of the OIPLL will almost solely consist of the combined optical output of the two slave lasers. Also shown in Fig. 11 is the added impact on the decorrelation between two lines separated by 36 GHz. The chromatic dispersion will induce a differential time delay between the two frequency com- ponents, gradually decorrelating the lines. This will result in a gradual transfer from the power of the coherent beat products to incoherent beat products [34] . The power of the coherent beat will, therefore, decrease with the transmission distance, plotted in Fig. 11 for a master-slave laser linewidth product of 240 MHz. For wide linewidth lasers, the incoherent beat will add to the noise floor of the laser heterodyne, illustrated by Fig. 12 , where the carrier-to-noise ratio at 10-MHz offset from generated heterodyne centre frequency is plotted as a function of transmission distance, both due to injection-locking noise and due to decorrelation. Note that even not including noise produced from decorrelation, the carrier-to-noise ratio decreases over the fiber transmission because of the decreasing power of the coherent beat term. Fig. 13 shows the measured phase noise profile after transmission through different lengths of fiber. At 10-MHz offset, the noise performance is not limited by the reference noise and is 108 dBc/Hz, 104 dBc/Hz, 100 dBc/Hz, and 97 dBc/Hz for 0-, 25-, 40-, and 65-km fiber transmission, respectively. These values roughly correspond to what would be expected by the theory shown in Fig. 12 .
B. Externally Modulated Link
In order to demonstrate the suitability of the OIPLL as a millimeter-wave modulated optical source for broad-band radioover-fiber applications, data transmission experiments need to be performed. A simple method of applying data to the generated millimeter-wave modulated optical carrier is to switch the output on and off using an external optical modulator at the output of the OIPLL, generating ASK modulation. Fig. 14 shows the experimental layout of the ASK data transmission experiment. A 140-Mb/s 2 pseudorandom binary sequence was used to switch an electroabsorption modulator connected to the output of the OIPLL, generating a 36-GHz ASK-modulated signal with an extinction ratio of 12.2 dB. The launched power was 8 dBm, and the optical signal was transmitted through 0-65 km of standard single-mode (SSM) fiber. For transmission distances higher than 25 km, a receiver optical preamplifier was needed with a 1-nm bandwidth amplified spontaneous emission filter. An optical attenuator was used to regulate the detected optical power in the photodetector. The received 36-GHz signal was down-converted to 2 GHz in a triple-balanced mixer. The ASK modulated carrier was then demodulated in an envelope detector, a postdetection 300-MHz low-pass filter was used and the recovered baseband signal was either observed on a digital oscilloscope, or connected to a bit-error-rate (BER) detector. Fig. 15 shows the BER as a function of received optical power for different fiber spans. BER lower than 10 was obtainable for all fiber lengths. For 25-km fiber path, a BER of 10 was observed for 17-dBm received optical power, corresponding to 63-dBm received millimeter-wave power. The difference in required optical power to achieve a given BER is explained by the impact of fiber chromatic dispersion, as described in Section III. This is confirmed by the percentages of the optical power converted to the millimeter-wave signals, 42% after 0-km transmission, 56% after 25 km, 53% after 40 km, and 46% after 65 km, which is well within the calculated range of relative optical-to millimeter-wave conversion efficiency expected, shown in Fig. 11 .
The receiver performance is limited by thermal noise. With an amplifier noise figure of 3.5 dB and using an IF noise bandwidth of 2 300 MHz, limited by the postdetection filter, and taking the lower amplifier and mixer gain (5 dB) at the image frequency 40 GHz into consideration, the equivalent input noise level to the amplifier is 81.8 dBm. The theoretically predicted required signal to noise ratio (SNR) for asynchronous heterodyne demodulation of ASK signals can be derived by using the following approximate relation [35] (11)
For a BER of 10 , a SNR of 16.1 dB is required. With 81.8-dBm equivalent input noise level to the amplifier, the theoretically required signal power would be 65.7 dBm, 2.7 dB lower than experiment. The worse experimental performance of the demodulator arrangement can be explained by the absence of predetection IF filtering.
C. Reference Modulated Link
Even though a transmission experiment employing ASK modulation demonstrates the suitability of using the OIPLL as an optical source for millimeter-wave over fiber applications, the modulation scheme is not the ideal method of applying data to the OIPLL. ASK modulation is insensitive to the phase noise characteristics of the generated millimeter-wave modulated signal, while more commonly used modulation schemes involving phase or frequency modulation are sensitive to the phase noise performance. Therefore, the performance of the OIPLL with phase or frequency modulated data applied to it should be investigated. Further, if the use of an external optical modulator can be avoided, fewer optical components would be needed, and the insertion loss of the external modulator would be overcome resulting in much improved launched power. By modulating the reference for the OIPLL, millimeter-wave modulation with data applied can be generated. The advantage of using a modulated reference is that a modulated millimeter-wave beat signal is generated without any need to use an IF subcarrier to carry the data with filtering of the unwanted image after millimeter-wave upconversion.
Because of the constant output power of the slave laser, this method is only suitable for generating phase or frequency modulation. If the injected phase is varying slowly, or by small phase deviations, the phase tracking 3-dB bandwidth of the slave laser is equal to the injection gain [8] . For rapid and large changes in the phase of the injected signal, the slave lasers capability to follow the injected phase can be calculated by linearizing and to and , relating them by the phase-amplitude coupling factor, and separating real from imaginary part of (7a). The phase is then determined by (12) If the perturbation of the field amplitude is assumed to be negligible and using the -corrected injection phase-, where is the phase of the injected field, the injection-locking rate and the relative detuning-(12) can be rewritten (13) Integration now gives [36] 
If , the relation can be used
If , then should be substituted for in (15) in order for the transformation from (14) to (15) to be valid. The injection phase can now be plotted as a function of time for any initial phase value by selecting a suitable integration constant . The steady state value can be derived from either (13) or (15), and is given by
. If the rate of phase shift of the master laser, is small and , the injection phase is given from (15) , where is chosen to give the initial injection phase. If , the slave laser is unable to track the master laser, according to (14) .
In these experiments, 68-Mb/s DPSK modulation was superimposed on the 12-GHz subharmonic reference signal, generating 68-Mb/s DPSK modulation at 36 GHz at the output of the OIPLL. The injection locking rate can be estimated from the noise suppression of the injection locking [10] . With the 240-MHz heterodyne linewidth of the lasers used, 107-dBc/Hz noise spectral density at 10-MHz offset corresponds to an injection locking rate of 1.4 GHz. During a binary transition, the injected phase can be modeled as a ramp function with phase change because of the frequency multiplication in the OIPLL, and a rise time of . This corresponds to a rate of phase shift of the master laser of with the corresponding shift in the value of . As , the injection phase is given from (4), where is chosen to give the initial injection phase at the time of the change in the value of . For an initial injection phase of 0, the phase of the master and slave laser during a binary transition is plotted in Fig. 16 . Note the shifted injection-locking phase, corresponding to the instantaneous frequency shift of the injected line. Not included in these calculations is the temporary slightly lower injection ratio due to phase switching in a double-balanced mixer. However, Fig. 16 is still useful to illustrate the behavior of optical injection locking to a modulated reference.
The layout of the data transmission experiment is shown in Fig. 17 . The generated optical signal with a launched optical power of 1.1 dBm was transmitted through up to 65 km of standard single-mode fiber without any use of optical amplification. After photodetection and downconversion, the signal was demodulated in a delay line demodulator and the BER measured. The detected error rate is plotted as a function of detected optical power for different spans of fiber in Fig. 18 . After 65 km of fiber transmission, error-free detection was . DPSK BER using short optical fiber radio link, compared to back-to-back millimeter-wave modulation, and demodulation as a function of received millimeter-wave power.
possible for received optical powers higher than 15 dBm. The experimental data remain within a 1.6-dB range of received optical power for the various spans of fiber, confirming the low sensitivity to fiber dispersion of the signal generation method. The percentages of the optical power converted to the millimeter-wave signals were 62%, 51%, 55%, and 43% for 0-, 25-, 40-, and 65-km fiber spans, respectively. The varying conversion efficiency is caused by the 36-GHz beat terms originating from the unwanted master laser FM sidebands, adding to the heterodyne beat signal constructively or destructively, depending on the relative phase shift caused by fiber chromatic dispersion, as described in Section II. Fig. 19 shows the detected BER as a function of received millimeter-wave power using 0-km optical transmission and cutting out the optical part altogether, together with a curve fit and the calculated required received optical power for a delay line demodulator with a 240-MHz IF filter bandwidth and receiver noise only [37] . The experimental results, using no optical transmission corresponds well to theory. Using the optical path, a penalty from 4 dB at higher BER to about 10 dB at lower BER is observed. This penalty can be attributed to imperfect phase tracking of the slave laser, AM to PM conversion during symbol transitions and to the impact of unwanted master laser FM sidebands, which are not filtered in the present arrangement.
IV. CONCLUSION
In this paper, generation and transmission of millimeter-wave modulated optical signals is presented using a millimeter-wave optical injection phase-lock loop. The OIPLL is shown to have a wide locking range, 30 GHz, low phase noise, and 93 dBc/Hz at 10-kHz offset from 36-GHz generated carrier and a potentially wide frequency tuning range, 4 to 60 GHz demonstrated using optical injection locking only. The 26-40-GHz frequency range demonstrated using the full OIPLL was limited by the frequency response of the phase detector of the phase-lock loop. Error-free transmission of 140-Mb/s ASK and 68-Mb/s DPSK modulated millimeter-wave signals is demonstrated for transmission distances up to 65 km of standard single-mode fiber, using no dispersion compensation. In the latter case, no optical amplification is needed and to the authors' knowledge, this is the longest unamplified broad-band 2 Mb/s radio over fiber transmission yet demonstrated. Furthermore, 68-Mb/s DPSK modulation was applied by using a modulated reference signal. This is the widest bandwidth reference modulation applied to either an optical phase-lock loop or an optical injection-locking based system. These data show that the OIPLL is a high performance, highly flexible method of generate millimeter-wave modulated optical signals. All this is achieved in a system based around two standard DFB lasers and off-the-shelf components. Finally, a further improvement would be achieved by adding a second injection locked slave laser. This would enable the available frequency range to be greatly increased. Problems arising from unwanted master laser FM sideband, such as some sensitivity to chromatic dispersion and the need to control the output optical power from the OIPLL, would be eliminated, as the optical output signal consists mainly of the output of the two slave lasers.
